Abstract: A comparative analysis of the plasma concentrations of soluble Fas-L (sFas-L) and their correlation with hemoglobin levels and malaria severity was carried out in cohorts of P. falciparum-infected patients from Gabon and India. Young patients from Gabon had plasma levels of sFas-L that increased with disease severity. In contrast, in Indian adults plasmatic sFas-L levels were more elevated in UM and SNCM than in CM. In both Gabonese and Indian subjects, sFas-L concentrations were negatively correlated with haemoglobin rates, which were lower in SNCM than in UM or CM in both populations. We also observed a positive correlation between the level of plasmatic sFas-L with the level of circulating IL-2 receptor in the Indian patients. All these observations suggest a paradoxical role of sFas-L in CM pathogenesis when comparing Gabonese and Indian patients, while a similar role was found to be associated with severe anaemia.
INTRODUCTION
Malaria is still a major public health problem in tropical countries, especially in Sub-Saharan Africa and southern Asia. About 1,7 million of the two billion people living in these endemic areas die every year from complications induced by P. falciparum infection, such as severe anaemia and cerebral malaria (CM), often associated with hypoglycemia or hyperlactatemia [1] . CM mostly affects children under 5 years of age in African countries, non immune or immunocompromised individuals, pregnant women and adult in India [2] . CM is a complex syndrome that, in addition to other biological processes, involves the sequestration of mature forms of parasitized red blood cells (pRBCs) into brain microvessels and the host's immune responses. Parasite sequestration is a phenomenon that elicits molecular interactions between parasite ligands located on the surface of pRBCs and receptors expressed on the surface of endothelial cells [3] . In spite of the description of these phenomenona, the key mechanisms underlying fatal manifestations of P. falciparum malaria still need to be investigated. Several lines of evidence support a role for pathways involving FasFas ligand (Fas-L) interactions in immunophysiopathological events leading to CM [4, 5] . This is supported by the observation that Lpr, Gld, Fas and Fas ligand deficient mice infected with P. berghei ANKA, although shown to develop cerebral pathology to some extent, are protected from CM [5] .
Fas-L belongs to the protein family that includes TNF and related cytokines [6] . Fas is expressed on target cells and Fas-L on activated effector cells either on cell membranes (mFas-L) or in soluble form (sFas-L) [7] . sFas-L is derived from mFas-L through cleavage by metalloproteases [8] . Interaction of the receptor with its ligand is one of the mechanisms used to kill target cells by apoptosis, a process in which a cell dies in a controlled and programmed manner in response to stimulation [9] . Apoptosis is also an efficient regulatory mechanism that controls T cell numbers during homeostasis as well as during immunosuppression [10] . As an example, sFas-L can kill activated T cells during antigen activation-induced cell death [11] . However, systemic tissue damage can also be due to elevated levels of cytotoxic sFas-L [12] .
It is known in humans that Plasmodium infection induces rapid elevation of sFas-L [13, 14] . The increase in serum levels of sFasL has been associated with severe anaemia during P. falciparum malaria or hepatic dysfunction during P. vivax infection [14, 15] . Moreover, a marked increase in the serum concentration of sFas-L correlated with significant lymphopenia before antimalarial treatment in P. falciparuminfected patients [13, 16] . These levels significantly declined during the course of infection. These observations suggest that severe lymphopenia could be due, in part, to a high apoptosis rate of T lymphocytes [13, 17] . However, whether these phenomena are involved in the pathophysiology of CM remains to be clarified.
So far, there is no clear information regarding the role of FasL in the pathogenesis of CM in humans. In the present study conducted in two malaria transmission areas, India and Gabon, we investigated whether the Fas-Fas-L-mediated apoptosis pathway is associated with CM and/or severe anaemia by evaluating the circulating level of sFas-L in patients manifesting different clinical forms of P. falcipraum infection. In particular, we wanted to assess if the plasma level of sFAS-L could be used as a marker of gravity.
PATIENTS A-ND METHODS

Study Population
The present study was carried out in India and Gabon. Patients were included in the study only after informed consent had been obtained from their parents. The ethics committee of the Indian and Gabon Health Office approved of this study. Indian patients were recruited from 2001 to 2003 from different rural hospitals in the Gondia district of Maharashtra State. Patients from Gabon were recruited at the Libreville Hospital Center (LHC) between 1999 and 2002.
Indian and Gabonese patients were assigned to various groups on the basis of World Health Organization guidelines for the definition of uncomplicated and severe malaria. Age of malaria patients ranged from 5 to 75 years and from 4 months to 5 years in the Indian and Gabonese cohort, respectively. These patients were classified into three groups of symptomatic P. falciparum malaria: 1) uncomplicated malaria (UM), 2) severe non-cerebral malaria (SNCM) with severe anaemia (haemoglobin level < 5 g/dL) or hypoglycemia (glycemia < 2.2 mmol/mL), and 3) cerebral malaria (CM) with a Blantyre Coma Score 2 and for adults a Glasgow score 9 or one convulsive episode during the 24 hours prior to admission, with a stated post-critical comatose lasting > 15 minutes. In addition, three groups of asymptomatic P. falciparum uninfected controls were included in the Indian cohort: ex-CM patients, endemic control patients (EC) and non-endemic control patients (NEC). Blood samples of endemic controls were collected from relatives of patients (brothers/sisters/parents) who accompanied them to the hospital. These individuals were not suffering from malaria for at least two years and were not clinical symptomatic carriers. Non-endemic blood controls were collected from voluntary individuals with no history of malarial disease for 5 years or more. Ex-CM samples were collected from the CM patients group three (3) months later. In the Gabonese cohort, two control groups from the same area of Libreville City was also studied; the uninfected endemic controls (EC), comprising children with P. falciparum-negative thick blood smears, and the asymptomatic infected (AI) patients with positive P. falciparum thick blood smears. All patients presenting diseases other than malaria were excluded from the study. Parasitemia (thick blood smears) was determined on day 0, the day of hospitalization using the Lambarene method [18] .
Gabonese and Indian patients were treated with quinine, depending on disease severity. The patients with uncomplicated malaria were given oral quinine (25 mg/kg/day) for five days; those with severe malaria received intravenous quinine (25 mg/kg/day) for five days. Children and adult patients with severe anaemia underwent blood transfusion.
Venous blood (5-10 mL for Indian adults and 2 mL for Gabonese children patients) from each patient was collected in sterile vacutainers containing EDTA at the day of hospitalization. Plasma was obtained by centrifuging blood samples at 5000 g for 15 min. Plasma samples were stored at -80° C until use.
Quantification of sFas-L
The plasma concentrations of sFasL were quantified for each patient by sandwich-type ELISA using a kit (Duoset R ELISA Development System, R&D System, France). 96 microwell plates (Reacti-Bind 96 EIA Plat.Corn.Not. 100/PKG, Pierce) were coated with 5μg/mL of mouse antihuman Fas Ligand antibodies overnight at 4° C. After washing with PBS-0.05 % Tween R 20, plates were saturated with PBS containing 1% BSA in PBS for 1 hour at 37°C. Plasma samples (100 μL) and recombinant Fas Ligand standard (100 μL) were added to each coated well and incubated for 2 hours at room temperature. After washing, the plates were incubated with 100 μL of biotinylated goat anti human Fas Ligand (50ng/mL) for 2 h at room temperature. After washing, plates were incubated for 20 minutes at room temperature with 100 μL of 1/200 Streptavidin conjugated to Horseradish-Peroxidase. Bound enzyme reactivity was revealed in the dark using 100 μL/well of O-Phenylenediamine (OPD) substrate in 0.05 M phosphate-citrate buffer, pH5 (SigmaAldrich, France). The peroxidase reaction was stopped after 20 min using 50 μL of 2 N H2SO4 solution. Optical densities were measured at 450 nm with an ELISA plate reader. Quantities of sFas Ligand in the samples were calculated from a standard curve ranging between 2000-1.95 and 100.10 3 -10 pg/mL for Gabonese and Indian sFas-L quantification, between 1000-1.95 and 500.10 3 -5 pg/mL for Indian IL2 and sIL-2R measures respectively. Each sample was tested in duplicate.
Quantification of IL-2 and Soluble IL-2 Receptor (sIL2-R)
A sandwich-type ELISA was used to determine IL-2 and IL-2 R levels in Indian patients using a kit (OptEIA set, Pharmingen, BD Bioscience, France) according to the manufacturer's recommendations.
Haemoglobin and Leukocyte Quantification
Haemoglobin concentrations were measured in both Gabonese and Indian patients using a coulter (STKS, Coulter counter Corporation). Leukocyte numbers were determined for patients from Gabon.
Statistical Analysis
All statistics were performed by nonparametric methods. Qualitative comparisons were performed using the MannWhitney rank sum test. Correlations were assessed by Spearman rank correlation. P-values below 0.05 were considered significant.
RESULTS
General Characteristics of the Study Population
A total of 114 patients from Gabon ( Table 1 ) and 104 patients from India ( Table 2) were studied. The numbers of controls or patients developing malaria were equally distributed between the two cohorts: UM (n=37 versus 33, respec-tively), SNCM (n=29 versus 14), CM (n=24 versus 26), EC (n=13 versus n=14), NEC (n=9), AI (n=11) and ex-CM patients (n=8). Ages of malaria patients ranged from 0.3 to 10 years in Gabonese and from 2.2 to 75 years in Indian patients. There was no significant difference in parasitemia and mean age between the different Indian and Gabonese patient cohorts, although the mean age of individuals was significantly higher in India than in Gabon.
Analysis of the Relationship between Levels of Circulating sFasL and Malaria Clinical Phenotype in Indian and Gabonese P. falciparum-Infected Patients
Concentrations of sFas-L were determined in patient plasma of Gabonese and Indian cohorts. In Gabonese patients, plasma levels of sFas-L were enhanced in parallel with disease severity, and were highest in the CM group (median: 830, range 245-2108 pg/mL), followed by SNCM (median 658, range 160-1256 pg/mL) and UM (median 335, range 2-569 pg/mL), while AI and EC groups exhibited median levels of 38 and 64 pg/mL, respectively, ranging between 1.95 and 265 pg/mL ( It is noteworthy that plasma sFas-L concentrations in respect to malaria severity in Indian patients were different from results observed in Gabonese cohort. Thus, Indian patients developing malaria without cerebral attacks, including UM (median 23000, range 13000-36000 pg/mL) or SNCM (median 55000, range 36000-69000 pg/mL) presented higher concentrations of sFas-L when compared to CM (median 1700, range 1200-2000 pg/mL) [p<0.001 respectively] or EC (median 1000, range 100-1600 pg/mL) [p<0.001] ( Table 2) . However, the slight absolute increase in CM was significant when compared to NEC (p<0.001). Thus, even if the average concentration of sFas-L in plasma was significantly higher in Indian compared to Gabonese CM patients [p<0.001], these two populations exhibit opposite behavior in their sFas-L production during disease outcome. In addition, no overall or groupwise correlation of sFas-L plasma levels with age or parasite load was established in the two cohorts. In conclusion, while the highest levels of sFas-L were detected in Gabonese CM, results clearly show a lake of association of high plasma concentrations of this cytokine with CM in patients from India.
A High Concentration of Circulating sFas-L Correlates with Low Haemoglobinemia and Malaria Severity
Haemoglobinemia was quantified for all groups of Gabonese and Indian malaria patients (UM, SNCM, CM). Anaemia was more important in Gabonese children than in adult Indian patients ( Table 1 and Table 2 , respectively). As expected, SNCM patients showed the lowest haemoglobin concentrations in the two populations and were not significantly different between UM and CM but were significantly higher in UM and CM than in SNCM [p<0.001, and p=0.02, respectively] in the Gabonese population ( Table 1) . Comparatively, haemoglobin concentrations were also significantly higher in UM and CM than in SNCM [p<0.001, respectively] (Table 2) in the Indian patients. The difference between UM and CM was not significant. When analysing each group of patients separately, no correlation was found between sFas-L and haemoglobin levels in UM, SNCM or CM, although a significant negative correlation was observed between sFas-L and haemoglobin concentrations for all patients of the two cohorts [Spearman R= -0.28, p=0.006 (Fig. 1A) and R=-0.56, p=0.0002 (Fig.  1B) , respectively in Gabon and Indian cohort].
From these observations we can conclude that during malaria, independent of disease severity, a high level of circulating sFas-L is associated with low haemoglobin rate.
Correlation between Plasma Levels of sFas-L, IL-2, and sIL-2R in Indian Patients
We also quantified the level of IL-2 and sIL-2R for each patient in the Indian cohorts. Patients with high IL-2 concentrations were distributed throughout the three diseased groups (including UM, SNCM and CM) ( Table 2) . IL-2 concentrations were significantly higher in UM than in SNCM and CM [p=0.003 and p<0.001], and were significantly higher in all three diseased groups than in the control patient groups (including NEC, EC and Ex-CM group) [p<0.0001]. In contrast to IL-2, plasma sIL-2R was significantly higher in patients developing severe malaria (SNCM and CM) compared to the UM group [p<0.001 respectively] ( Table 2) . Plasma sIL-2R concentrations were significantly higher in UM than in controls (NEC and EC) [p<0.001]. In patients developing disease (UM, SNCM and CM), there was a significant negative correlation of IL-2 with sIL-2R [R=-0.64, p<0.001] (data not shown).
It is noteworthy that Indian CM patients presented low levels of sFas-L in the plasma. In the other groups of patients (NEC, EC, UM and SNCM), sFas-L plasma concentrations showed an extremely high positive correlation with plasma concentrations of sIL-2R [Spearman R=+0.90, p<0.001] (Fig. 2A). 
Correlation between Plasma Levels of sFas-L and Leukocyte Numbers in Patients from Gabon
Leukocyte number were determined for patients included in the Gabonese groups. We found a significantly higher number of leukocytes in CM than in both UM and SNCM [p=0.002] ( Table 1 ). In SNCM patients that developed Fig. (1) . Correlation between plasma sFas-L and haemoglobin concentrations in Gabonese (A) and Indian (B) cohort. UM: uncomplicated malaria, SNCM: severe non cerebral malaria, CM: cerebral malaria. anaemia (haemoglobin rate < 10 g/dl), we observed a significant negative correlation between sFas-L concentrations and leukocyte number [Spearman R=-0.40, p=0.04]. In the CM group, this correlation was positive but not significant (Fig.  2B) . This observation suggests that the decrease in leukocyte number could be associated with apoptotic mechanisms.
DISCUSSION
The precise of events that characterizes severe anaemia and CM, the two major complications of a P. falciparum infection, responsible for the majority of malaria-associated deaths remain undefined [1, 2] . The Fas-FasL system is a double-edged sword in that both diminution and enhancement of this system have pathogenic effects [19] . To better understand the role of Fas-FasL-mediated apoptosis during the outcome of a Plasmodium infection in humans as well as in the search for biological markers allowing for better definition of malaria phenotypes, we investigated the role of sFas-L by quantifying its level in the plasma of Indian and Gabonese P. falciparum-infected patients developing asymptomatic, uncomplicated, severe non-cerebral and CM. We also analysed whether the level of circulating sFasL correlated with haemoglobin rates, IL-2 and IL-2R levels, peripheral leucocytes number could contribute to disease severity.
Our data show a significant increase in plasma sFas-L levels in association with the degree of disease severity, particularly in CM Gabonese patients. These levels were lowest in Indian CM patients compared to diseased groups without cerebral attacks. In addition, sFas-L concentrations were negatively correlated with haemoglobin concentrations both in Indian and Gabonese patients. To our knowledge, the first description of an association between sFas-L and anaemia in children developing malaria was performed in Gabon three years ago, in Lambaréné, a town located in the center of the country [15] . Our observations in children from Libreville, situated in the East of the same country (where malaria is hyper-endemic), and adults from India, a different continent were malaria is hypo-endemic, confirm the hypothesis of the existence of an apoptotic Fas-L-mediated mechanism during the induction and/or aggravation of anaemia during P. falciparum malaria. However, the implication of this sFas-L-mediated mechanism in the destruction of red blood cells during malaria needs to be clarified, although a role for apoptosis has been suggested to be important for the regulation of erythropoesis [20] . Multiple myeloma is a neoplastic disease of the hematopoietic system characterized by the presence of anemia, where expression of Fas is detected on the cell surface membrane of erythroblasts at all developmental stages, whereas sFas-L is present only on more mature erythroblasts. Recent findings also indicate an important role for sFas-L molecules in the pathogenesis of anemia observed in multiple myeloma patients [21, 22] . FasL molecules are involved in inducing apoptosis of erythroid cells. Similarly, the increase of Fas expression on hematopoietic progenitors during aplastic anemia suggests that the Fas/Fas ligand (FasL) system plays a key role in the formation of severe pancytopenia [23, 24] .
It has been demonstrated that P. falciparum-infected erythrocytes have the capacity to induce caspase activation and apoptosis of human endothelial cells during malaria [25] . Because P. falciparum has the capacity to infect young and mature red blood cells, and young erythrocytes express Fas or Fas-L molecules [20, 23] , the destruction of infected and non-infected non-mature red blood cells expressing these molecules by apoptotic mechanisms could be a mechanism responsible for the severe anaemia observed during infection.
To date, a very limited number of studies addressed the role of sFas-L in severe malaria pathogenesis. Published observations implicate a role of the Fas/Fas-L pathway in apoptosis associated with lymphopenia during P. falciparum uncomplicated [13] and severe anaemia [15] . It has been 
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suggested that activated T cells persist before and after initiation of therapy during P. falciparum malaria with elevated proportion of apoptotic T cells to re-establish immunological homeostasis [26] . However, this high proportion of apoptotic cells could contribute to the low number of T cells in the peripheral circulation during active disease [26] . It is noteworthy that no lymphopenia was detected in Gabonese CM patients who exhibited the highest levels of sFas-L, which was positively correlated with high leukocyte number. These results are similar to those observed during experimental CM induced in C57BL/6 or B10D2 mice by P. berghei ANKA. In these two experimental models, CM has been associated with a selective expansion and migration of CD4 + and CD8 + T cells in the brain of mice developing the cerebral syndrome [27, 28] .
The first observations suggesting a potential role of sFas-L in severe and particularly CM pathogenesis were from experimental models in which profound T-lymphopenia due to Fas-derived apoptosis has been found to play a role in fatal malaria induced by P. coatneyi in macaques [17] . It has been shown that levels of Fas/Fas-L mRNA and protein expression increased in the brain of mice with CM [5] . In addition, Fas deficient (Lpr) or Fas ligand deficient (Gld) mice are protected from fatal CM induced by P. bergei ANKA [5] and the incidence of CM in Fas/Fas-L-deficient mutant mice was decreased compared to wild-type controls [4, 5] . However, our results also suggest that the pathogenesis of CM could be associated with inhibition of apoptotic mechanisms mediated by sFas-L molecules in Gabonese patients.
The observed discrepancy between Gabonese and Indian CM patients who had levels of sFas-L comparable to their respective non-infected controls is surprising. Furthermore, the small amounts of sFas-L found in CM patients from India did not correlate with plasma concentrations of IL-2R as observed for SNCM and UM. The increase of sIL-2R concentrations in P. falciparum malaria patients [29] [30] [31] and particularly in patients developing severe anaemia has been already reported [32] . In the study performed by EKP Riccio et al, a positive correlation between sIL-2R and apoptosis was observed in the subgroup with an increased percentage of apoptotic cells. Therefore, this increase in apoptosis levels is not a universal phenomena, and apoptosis events could be fluctuating in the same individual during the progression of the disease [30] . However, in our study, differences in sFas-L secretion between SNCM, UM and CM in Indian patients could not be explained by individual particularity because all CM patients secreted very low levels of sFas-L. This suggests that the pathogenesis of CM in the Indian population could be associated with immune regulations that lead to a reduction in sFas-L production. An alternative hypothesis could be that, in contrast to severe anaemia, Fas-mediated apoptosis does not play an essential role in human CM and its contribution may vary substantially with undefined environmental or genetic factor differences between our two study populations.
A good example of the influence of genetic factors on levels of sFas-L secretion and its implication in disease outcome was indirectly addressed by our results demonstrating high concentrations of sFas-L in all Indian patients independently of the diseased group when compared to patients from Gabon. The possibility that genetic factors may control susceptibility to cell apoptosis mediated by sFas-L molecules was suggested in the experimental model of malaria in macaques [17] .
In conclusion, apoptosis of red blood cells could be one of the mechanisms implicated in the induction and/or the aggravation of anaemia associated with P. falciparum infection. Observation of this phenomenon in three different populations (the one described by Issifou et al. and this paper) is in concordance with this hypothesis. sFas-L production and apoptosis mechanisms could be implicated in CM pathogenesis, with different mechanisms who could depend on genetic background of the population studied, age and potentially the immunological history of the patients.
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